INTRODUCTION
============

Linear chromosomes are capped by telomeres, highly specialized structures that protect chromosome ends from degradation and damage ([@gks407-B1]). Mammalian telomeres are composed of several kilobases of TTAGGG repeats and associated proteins: a core complex of six telomere-specific proteins (Shelterin complex) and a growing number of accessory proteins that assist with proper chromosome end protection, telomere length regulation and telomere processing ([@gks407-B2; @gks407-B3; @gks407-B4]).

The WRN RecQ helicase is an enzyme with multiple roles in essential pathways of deoxyribonucleic acid (DNA) repair, homologous recombination, replication ([@gks407-B5]) and a well-described activity in telomere replication ([@gks407-B6]). WRN readily alleviates G-quadruplex secondary structures, which are predicted to form in the G-rich telomeric regions ([@gks407-B5]). These structures likely impede progress of the lagging-strand replication machinery, and if unresolved, they prevent complete synthesis of the daughter strand ([@gks407-B6]). Cells lacking a functional WRN RecQ helicase experience genome-wide replication defects and undergo more rapid telomere shortening that occurs stochastically with each cell cycle ([@gks407-B7]). Compared with normal fibroblasts, Werner's syndrome (WS) cells exhibit an increase in sister-telomere loss (STL) or telomere-free ends (TFE) at some of chromosome ends. Although infrequent, telomere defects (TDs) significantly impair cell viability and activate damage signaling and subsequent processing by non-homologous end joining, potentially forming dicentric chromosomes and causing genome instability ([@gks407-B6],[@gks407-B8],[@gks407-B9]).

A second caretaker RecQ helicase, BLM, processes a range of DNA substrates throughout the genome and participates in several critical DNA metabolic pathways that ensure proper genome maintenance ([@gks407-B10]). BLM assists in replication fork stabilization, branch migration of homologous recombination intermediates, resolution of inappropriate crossover events and DNA end resection ([@gks407-B11; @gks407-B12; @gks407-B13; @gks407-B14]). BLMs activity at telomeres has only been clearly described in tumor cells that use the homologous recombination and copy-switching mechanism, alternative lengthening of telomeres (ALT) and in mouse embryonic fibroblsts (MEFs), which require BLM activity to maintain telomeres and to suppress activation of fragile sites, which include telomeric sequences ([@gks407-B15; @gks407-B16; @gks407-B17]). Although these studies contribute to understanding the role of RecQ helicase in telomere maintenance, a telomere-specific function for BLM in primary human fibroblasts remains unclear ([@gks407-B16; @gks407-B17; @gks407-B18; @gks407-B19; @gks407-B20; @gks407-B21]).

In addition to its well-described activities in homologous recombination and DNA repair, BLM has most recently been identified in a protein complex that ensures faithful chromosome segregation by dissolution of residual secondary structures observed as ultra-fine bridges (UFBs) in anaphase cells ([@gks407-B22]). UFBs are dissolved by the BTR complex, which consists of BLM-TOPOIIIα-hRMI1/2 ([@gks407-B22; @gks407-B23; @gks407-B24]), and may be visualized by immunofluorescence with any of these protein-specific antibodies. However, how these structures are formed and the definitive mechanisms for their resolution are unclear ([@gks407-B25]). Examining molecular mechanisms of UFB formation led to the predictions that they arise from two classes of DNA structures: catenane structures that mainly form at centromeres and are generally resolved in early anaphase ([@gks407-B22],[@gks407-B26]) and incompletely replicated intermediate structures associated with Fanconi anemia (FA) proteins, which primarily form at fragile sites in response to replication challenge ([@gks407-B27; @gks407-B28; @gks407-B29]). Although genomic fragile sites lack a clear distinguishing feature, they are defined by sensitivity to aphidicolin-dependent partial inhibition of replication, which leads to breaks, deletions and recombination events ([@gks407-B26],[@gks407-B27]). Telomeres have demonstrated fragile site behavior in cells exposed to aphidicolin or in cells lacking the telomeric protein TRF1. These conditions induced telomere aberrations and replication fork stalling, which indicates that telomeres pose an inherent challenge to replication machinery ([@gks407-B17]).

Herein, we show that BLM contributes to telomere maintenance in normal human fibroblast cells, and we propose that this is accomplished through BLMs capacity for dissolution of late-replicating structures that occur throughout the genome. Cells lacking BLM helicase activity display a greater frequency of TDs, which are defined by absence of fluorescent signal at one (STL) or both (TFE) chromatid arms. We find that the presence of BLM at telomeres is more prominent in a genetic background of telomere dysfunction, such as in WS cells. BLM is recruited to difficult-to-replicate regions, where it facilitates resolution of latent DNA structures in anaphase. Compared with normal IMR90 cells, anaphases from WRN-deficient cells exhibit a higher incidence of persistent UFBs and UFBs that extend from telomeric foci. We propose that BLM contributes to efficient telomere maintenance through its genome-wide activity in resolving difficult-to-replicate regions, which include telomeres.

MATERIALS AND METHODS
=====================

Cell culture and production of cell lines
-----------------------------------------

Cell culture and retroviral infections were performed as described ([@gks407-B6]). For all experiments, we compare cell lines with matched accumulated population doublings, therefore, accounting for variables caused by age-related damage or the gradual telomere shortening that is observed in cultured cell lines over time.

BLM complementary DNA (cDNA; Open Biosystems) was cloned into the pBabe-puro retroviral vector (Addgene). BLM and WRN were stably knocked down by cloning shBLM (TGCCAATGACCAGGCGATC) and shWRN (AATTCTCCGAACGTGTCACGT) sequences in pSuper.retro (Oligoengine). Transient BLM knockdown was also achieved by transfecting IMR90-E6E7 and AG05229-E6E7 cell lines with ON-TARGET plus SMARTpool BLM small interfering RNA (siRNA) (Dharmacon, Thermo Scientific) for 72 h.

Antibodies and western blotting
-------------------------------

Anti-BLM (Rabbit 7099) ([@gks407-B30]), Anti-TRF1 (Rabbit 6839) and Anti-TRF2 (Rabbit 6841) were produced at the Salk Institute. Commercial antibodies: anti-γH2AX (Cell Signaling), anti-53BP1 (A300-273A; Bethyl Laboratories) and anti-WRN (ab200, Abcam). Western analysis was performed as described ([@gks407-B6]).

Metaphase analysis
------------------

Metaphase preparation, fluorescence *in situ* hybridization (FISH), immunofluorescence-FISH (IF-FISH) and chromosome orientation-FISH (CO-FISH) were performed as described ([@gks407-B6],[@gks407-B31]).

Fibroblast synchronizations and chromatin immunoprecipitation
-------------------------------------------------------------

IMR90 and WI-38 fibroblasts were synchronized at the G1/S boundary by a double-thymidine block, and synchronization efficiency was evaluated by FACS. IMR90 cell lysate preparation and ChIP analysis were performed as described ([@gks407-B32]).

Aphidicolin treatment
=====================

Fibroblast cell lines were treated with 0.3 µM aphidicolin or dimethyl sulfoxide for 24 h. Cells were washed with phosphate-buffered saline and grown in fresh, untreated media for 5 h, then fixed with 4% paraformaldehyde (PFA) before IF-FISH.

Anaphase and metaphase analysis following TRF1 knockdown
--------------------------------------------------------

TRF1 was targeted by transfecting cells with ON-TARGET plus SMARTpool TERF1 siRNA (Dharmacon, Thermo Scientific) for 72 h.

Image capture and analysis
--------------------------

Slides and coverslips were examined with a Zeiss Axio Imager Z1 fluorescence microscope with apotome. Z-stack projections were captured with an external Hamamatsu ORCA-ER digital camera, and images were analyzed in AxioVision software. For experiments that assessed colocalization events in interphase cells, slides were also imaged on a Zeiss fluorescence microscope with MetaSystems slide scanner. This software analyzed captured images and acquired cumulative descriptive data that were combined to generate population statistics for each cell line.

To examine UFBs, each anaphase was captured using the Zeiss apotome as an image composed of at least seven Z-stacks at a minimal distance of 0.24 µm. Rather than generating a merged image, anaphases were analyzed as Z-stack projections for BLM-positive UFBs and colocalizations between UFBs and telomeric foci. Due to spatial constraints, we did not include colocalization data from anaphases that had more than six UFBs, which primarily occurred in early anaphases (≥1 µm distance). These measures ensured optimal resolution and reduced false-positive colocalizations.

RESULTS
=======

BLM localizes to telomeres in a cell cycle-dependent manner
-----------------------------------------------------------

BLM protein expression and nuclear localization patterns have been demonstrated to vary in a cell cycle-dependent manner ([@gks407-B33]). To accurately determine a possible telomere-specific role for BLM in primary fibroblasts, we synchronized IMR90 cells by a double-thymidine block and analyzed BLM binding to telomeres during the cell cycle by IF-FISH or ChIP. IF-FISH revealed that although BLM was visible at a small subset of telomeres, cells in late G2 displayed a significant increase in multiple colocalization events ([Figure 1](#gks407-F1){ref-type="fig"}A and B). WI38 fibroblasts displayed a similar colocalization pattern ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)). ChIP analysis of BLM localization confirmed that BLM occupation at telomeric chromatin was enriched in G2 and G2/M fractions ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)). As previously described ([@gks407-B33]), and as shown by western blot of synchronized IMR90 cells ([Figure 1](#gks407-F1){ref-type="fig"}B), BLM proteins levels increase from late S to late G2/M stage, though this does not correlate with the increase in BLM-telomere interactions observed in G2 and late G2/M, suggesting that the G2-associated increase of BLM at telomeres was not just simply a result of increased expression levels. Figure 1.BLM localizes to a subset of telomeres preferentially in G2/M. (**A**) IF-FISH images of synchronized IMR90 cells, using a BLM specific antibody (red) and a telomeric probe, FITC-\[CCCTAA\]~4~ (green). Arrows indicate colocalization events between BLM and telomeric foci. (**B**) Top panel: quantification of IF-FISH data, showing the percentage of IMR90 cells with over two colocalization events. At least 100 cells were counted per time-point and values were averaged from four independent experiments. Error bars represent the standard deviation and *P-*values were calculated with a Student's *t*-test (\**P* \< 0.05 and *\*\*P* \< 0.005). Bottom panel: western blot of synchronized IMR90 cells probed with BLM antibody or a tubulin control. IMR90 lysates were collected at the indicated stages of the cell cycle. (**C**) Percentage of chromatids with TDs in IMR90 or BS fibroblast cell lines expressing an empty vector control, hTERT or DN_hTERT. At least 1500 chromatids per cell line, per experiment were counted from three independent experiments. (**D**) DAPI-positive anaphase bridges in IMR90 and BS fibroblast cells expressing an empty vector control, hTERT or DN_hTERT. At least 55 anaphases per cell line were counted from three independent experiments. (**E**) Percentage of IMR90 and GM02548 BS cells with over five TIF. Cells were fixed with 4% PFA and prepared for IF-FISH with a 53BP1-specific antibody and the telomeric probe FITC-\[CCCTAA\]~4~. At least 100 cells from each cell line were counted in two independent experiments. Error bars represent the standard deviation and *P*-values were calculated with a Student's *t*-test (\**P* \< 0.05 and *\*\*P* \< 0.005).

These data demonstrate that BLM localizes to telomeres in primary cells late in the cell cycle, potentially indicating a role in postreplicative processing of these regions.

Cells lacking BLM exhibit TDs and telomere-dependent chromosome fusions
-----------------------------------------------------------------------

Since BLM helicase activity is critical for genome integrity, BLM-deficient cells are characterized by chromosomal aberrations, which may arise from internal breaks and fusions ([@gks407-B34],[@gks407-B35]). A straightforward method to assess genome instability is to count 4′,6-diamidino-2-phenylindole (DAPI)-positive anaphase bridges, which are generated by diverse DNA damage and repair pathways. As expected Bloom's syndrome (BS) cells exhibited a significantly greater frequency of anaphase bridges than normal IMR90 fibroblasts, regardless of E6 or E7 oncoprotein expression ([Table 1](#gks407-T1){ref-type="table"}). Table 1.Frequency of TDs and anaphases with DAPI-positive anaphase bridges in IMR90 and Bloom's syndrome fibroblast cell lines after previously described knockdown or overexpression experimentsTDs (percent chromatids)Anaphase bridges (percent anaphases)IMR901.01.1IMR90-E6E71.24.6IMR90-E6E7 NS1.57.3IMR90-E6E7 shBLM3.1\*25\*GM025482.5\*\*23\*\*GM02548-E6E73.4\*\*29\*GM02548-E6E7 NS3.3NDGM02548-E6E7 shWRN5.8\*43.5GM02548-E6E7 Control3.936GM02548-E6E7 BLM2.921\*GM03402B3.1\*\*21\*\*GM03402B-E6E73.7\*\*33\*\*GM03402B-E6E7 NS5.3NDGM03402B-E6E7 shWRN7.1\*NDAG05229-E6E7 NS4.136AG05229-E6E7 shBLM7.1\*45[^1]

To identify whether telomere dysfunction contributes to the instability in BS cells, we first examined individual telomere phenotypes by performing FISH on metaphase chromosomes. The frequency of covarying TDs, such as STL or TFE, was significantly elevated in BS cell lines (2.5% and 3.1% chromatids; *P* \< 0.005) compared with normal IMR90 fibroblasts (1%) ([Table 1](#gks407-T1){ref-type="table"}). Expression of E6 and E7 oncoproteins suppressed p53 and pRb-mediated cell cycle checkpoints, which allowed cells to continue growing even in the presence of critically shortened telomeres or DNA damage. On E6 and E7 expression, we observed an elevation of TDs in BS cell lines (3.4% and 3.7% TDs) but not in IMR90-E6E7 (1.1% TDs) ([Table 1](#gks407-T1){ref-type="table"}).

Subsequent experiments established that TDs, such as telomere-free chromosome ends and DAPI-positive anaphase bridges were a direct consequence of BLM helicase deficiency and not a secondary characteristic of BS cells. Retroviral delivery of a BLM shRNA efficiently suppressed protein expression in IMR90-E6E7 fibroblasts ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)), which exhibited TDs (3.1%; *P* \< 0.05) and anaphase bridges (25%; *P* \< 0.05) at levels observed in BS fibroblasts ([Table 1](#gks407-T1){ref-type="table"}). Next, we reconstituted BLM by expressing full-length cDNA in GM02548-E6E7 BS fibroblasts, which reduced TDs (from 3.9% to 2.9%) and anaphase bridges (from 36% to 21%; *P* \< 0.05). The limited efficiency in correcting these phenotypes is presumably because exogenous BLM protein expression reaches approximately half of normal levels ([Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)). This incomplete overexpression is typical of BLM-reconstituted BS cell lines and has been previously demonstrated to only partially restore the chromosomal defects that characterize BS cells ([@gks407-B36]).

To confirm that exposed metaphase chromosome ends are bone fide TDs, we treated fibroblast cell lines with the catalytic subunit of telomerase human telomerase reverse transcriptase (hTERT), an empty vector control or an inactive dominant-negative hTERT (DN_hTERT). hTERT expression will specifically elongate only telomeres but will not repair non-telomeric lesions ([@gks407-B37]). TDs ([Figure 1](#gks407-F1){ref-type="fig"}C) and anaphase bridge formation ([Figure 1](#gks407-F1){ref-type="fig"}D) were significantly reduced in BS fibroblasts expressing wild-type hTERT, which indicates that BS cells have a greater frequency of critically shortened telomeres than age-matched normal fibroblast cells. Furthermore, these dysfunctional telomeres are potential substrates for DNA repair pathways that produce fusion events and compromise genome integrity ([Figure 1](#gks407-F1){ref-type="fig"}D).

Critically, short or dysfunctional telomeres are recognized by the DNA damage response pathway and form telomere damage-induced foci (TIF) ([@gks407-B38]), which are cytologically visible as colocalization events between 53BP1 foci and telomeric foci ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)) ([@gks407-B38]). IF-FISH analysis revealed that 10% of GM02548-E6E7 cells had at least five TIF, which was reduced to \<2% on hTERT expression ([Figure 1](#gks407-F1){ref-type="fig"}E). These findings confirm that a subset of DNA damage events in BS cells occur at telomeres, even in cells with intact checkpoints. In summary, BLM deficiency leads to a low, but consistent, level of telomere loss that is sufficient to expose chromosome ends and then activates a DNA damage response that ultimately generates chromosomal aberrations.

TDs occur at remarkably similar frequencies in BS cells and WS cells ([Table 1](#gks407-T1){ref-type="table"}) ([@gks407-B6]). However, CO-FISH in BLM-deficient HeLa cells ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)) exhibited no difference between leading-strand STL and lagging-strand STL ([Supplementary Figure S3C](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)). These findings contrast to the lagging-strand STL observed in cells lacking a functional WRN helicase ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1) and [S3C](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)) and indicate that BLM and WRN have distinct functions in telomere maintenance.

Loss of both BLM and WRN helicases exacerbates TDs
--------------------------------------------------

Our data reveal similarities and subtle differences between the telomere phenotypes and cell cycle-regulated telomere-binding patterns of WRN and BLM ([Figure 1](#gks407-F1){ref-type="fig"}A and B and S1) ([@gks407-B6],[@gks407-B7],[@gks407-B9]). WRN localizes to chromosome ends in late S and facilitates lagging-strand replication, whereas BLM performs a downstream activity in G2 that is necessary to maintain both leading and lagging telomeres. To investigate the possible redundancy in WRN and BLM activity at telomeres, WS and BS fibroblast cells were stably transduced with shRNA targeting BLM and WRN, respectively ([Supplementary Figure S2C](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)). Metaphase spreads from WRN- and BLM-deficient cell lines exhibited an increase in critically shortened telomeres and chromosomal aberrations ([Figure 2](#gks407-F2){ref-type="fig"}A). Quantification confirmed that the absence of both helicases considerably exacerbates telomere dysfunction ([Figure 2](#gks407-F2){ref-type="fig"}B). These data indicate non-redundant functions for BLM and WRN in chromosome end maintenance ([@gks407-B6],[@gks407-B7]), which is further supported by the report that both WRN and BLM mutations enhance the pathology in later-generation mice lacking the telomerase RNA ([@gks407-B39]). However, they do not exclude a reciprocal or inter-dependent relationship. Figure 2.Loss of both BLM and WRN RecQ helicases exacerbates TDs. (**A**) Images of FISH of metaphase chromosomes from GM02548-E6E7 (BS) fibroblasts after WRN knockdown and AG05229-E6E7 (WS) fibroblasts after BLM knockdown. Arrows indicate chromosomes in the magnified panels below each metaphase spread. (**B**) Percentage of chromatids with TDs. At least 2000 chromatids from each cell line were counted, and average values were compiled from two independent experiments. (**C**) IMR90 and WS cells were fixed with 4% PFA and used for IF-FISH with a BLM antibody and the telomeric probe FITC-\[CCCTAA\]~4~. IF-FISH images of indicated fibroblast cell lines, showing BLM (red) and telomeres (green); arrows show colocalization events. (**D**) Average number of BLM foci per cell and (**E**) percentage of cells with more than two colocalization events between BLM and telomeres. The values for each cell line were averaged from three independent IF-FISH experiments. Arrow bars represent standard deviation, and *P-*values were calculated by a Student's *t*-test (\**P* \< 0.05 and *\*\*P* \< 0.005).

WS cells exhibit an increase in BLM foci and UFB formation
----------------------------------------------------------

Although it is unlikely that BLM and WRN perform overlapping functions in telomere replication and processing, it is feasible that they cooperatively enhance each other's recruitment or activity. The presence of WRN could assist or promote the downstream BLM localization to telomeres. Alternatively, BLMs recruitment to telomeres could be a response to the replication defects caused by WRN deficiency.

To test the theory that BLM recruitment to telomeres is greater in the absence of WRN, we assessed BLM localization in IMR90 and WRN-deficient fibroblasts by IF-FISH with BLM antibody and a telomeric probe ([Figure 2](#gks407-F2){ref-type="fig"}C). WS cells displayed a remarkable elevation in the average number of BLM foci per cell ([Figure 2](#gks407-F2){ref-type="fig"}C and D) and an increase in cells exhibiting multiple colocalization events between BLM and telomeric foci ([Figure 2](#gks407-F2){ref-type="fig"}E), irrespective of BLM expression levels. Not only does BLM localize to telomeres independently of WRN but also it is more frequently detected at chromosome ends in WRN-deficient cells.

Although examining BLM localization patterns, we noted the presence of anaphase cells with BLM-positive UFBs ([Figure 3](#gks407-F3){ref-type="fig"}A). UFBs composed of fully replicated but unwound catenane structures and are commonly shown to extend from centromeric regions and tend to be resolved by mid-anaphase ([@gks407-B22],[@gks407-B40],[@gks407-B41]). The second class of UFBs is generally caused by persistent, incompletely replicated structures that arise at particular DNA sequences as a result of some form of replication challenge. This subset of UFBs is distinguished by association with FA proteins and a proclivity to originate from fragile sites or other regions experiencing replication delays ([@gks407-B26],[@gks407-B28]). Figure 3.Ultra-fine bridges (UFBs) are more frequent and persist longer in WS fibroblasts. (**A**) IF-FISH images of UFB-positive anaphases representing UFBs that do not localize with telomeric foci (left panel), UFBs that colocalize with a telomeric foci at one end or at the center (second and third panels) and UFBs that colocalize with telomeres at both ends (final two panels). Graphs illustrating the signal intensities generated by the profile function of the AxioVision software are shown below each anaphase. (**B**) The percentage of anaphases with at least one UFB and (**C**) DAPI-stained anaphases representing three stages of anaphase, determined by distance (in µm) between dividing cells: early, mid and late anaphases. (**D**) Percentage of UFB-positive anaphases with multiple UFBs per anaphase. Data from IMR90-E6E7 and AG05229-E6E7 cells were grouped according to progress through anaphase (panel C). At least 25 anaphases were analyzed for each cell line per experiment, from four independent experiments. Arrow bars show standard deviation, and *P*-values were calculated by a Student's *t*-test (\**P* \< 0.05 and *\*\*P* \< 0.005). (**E**) The percentage of UFBs extending from telomeres (T-UFBs). The values were calculated from four independent IF-FISH experiments, where at least 30 anaphases were analyzed from each cell line.

UFB frequency was assessed in IMR90 and WS fibroblasts to examine whether their formation correlated with defective telomere replication in WS cells, thus suggesting the presence of late-replicating intermediate (LRI) structures. As previously reported, UFBs were common events in normal IMR90 cells ([@gks407-B22],[@gks407-B26]), but WRN-deficient cells exhibited a significantly greater number of anaphases with at least one UFB ([Figure 3](#gks407-F3){ref-type="fig"}B). The events that lead to UFB formation may be in part characterized by how rapidly they are resolved in anaphase. Therefore, UFB-positive anaphases were analyzed according to duration in anaphase by combining data from four independent IF-FISH experiments and grouping UFB-positive anaphases into three categories (early, mid and late stages) according to distance (micrometer) between separating DAPI clusters ([Figure 3](#gks407-F3){ref-type="fig"}C). Although IMR90-E6E7 and AG05229-E6E7 cells had similar frequencies of multiple UFBs in early anaphase, most UFBs in IMR90-E6E7 cells are resolved by mid-anaphase. In contrast, a significantly higher portion of AG05229-E6E7 anaphases contained multiple UFBs into mid- and late-stage anaphases ([Figure 3](#gks407-F3){ref-type="fig"}C and D).

Interestingly, a number of IMR90 and WS anaphases contained UFBs extending from telomeric foci at one or both ends, in a pattern similar to late-replicating UFBs stretched between fragile site foci ([@gks407-B26],[@gks407-B28]), which signifies inefficient telomere replication even in unchallenged conditions ([Figure 3](#gks407-F3){ref-type="fig"}A and E). Nonetheless, telomere-UFBs (T-UFBs) were significantly more common in the telomere replication-defective WS cells ([Figure 3](#gks407-F3){ref-type="fig"}E), supporting our hypothesis that UFBs extend from telomeres in response to replication dysfunction. We performed FISH to visualize telomeric sequence along the length of UFBs, but these attempts were largely unsuccessful. This is not surprising given the fragility of UFBs, which lack histones, and the stringency of fixation during the FISH protocol ([@gks407-B22]).

To confirm that WRN activity is particularly important to prevent UFB formation at defective telomeres, we assessed BLM-positive UFBs in WS cells stably expressing the full-length WRN or an empty vector control. Restoring WRN considerably reduced UFB-positive anaphases and T-UFBs ([Supplementary Figure S4A](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1) and [S4B](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)), suggesting that impaired telomere replication may generate incompletely replicated DNA structures that eventually require processing by BLM and interacting proteins. This specialized complex (BTR) mediates dissolution of late-replicating DNA structures and facilitates faithful chromosome segregation without activating checkpoints or disturbing cell cycle progression ([@gks407-B42]).

An unrelated protein, PICH (polo-like kinase-1 interacting checkpoint helicase) is also found at these cytological bridge-like structures and colocalizes with BLM at UFBs ([@gks407-B40],[@gks407-B41]). This offers an alternative detection method for UFB, and we examined UFB frequency in BLM-deficient fibroblast cells by staining against PICH. BLM knockdown also increased UFB and T-UFB frequency, providing confirmation that BLM suppresses replication dysfunction and LRIs ([@gks407-B43]).

Replicative challenge induces changes in BLM localization and increases UFB formation
-------------------------------------------------------------------------------------

Exposure to the DNA polymerase inhibitor aphidicolin induces genomic fragile site expression, which become origins of chromosome breaks and LRIs ([@gks407-B26; @gks407-B27; @gks407-B28]). Telomeres have a demonstrated sensitivity to aphidicolin and are predicted to behave as fragile sites, particularly in the absence of TRF1 ([@gks407-B17],[@gks407-B44]). Telomeres in WRN-deficient cells also suffer from frequent replication defects that appear to cause a greater number of UFBs ([Figure 3](#gks407-F3){ref-type="fig"}B and D). Therefore, we asked whether the WS telomere phenotypes or T-UFB events were affected by aphidicolin exposure and whether BLM localization with telomeres responded to replication dysfunction. Aphidicolin treatment significantly increased the number of BLM foci per cell ([Figure 4](#gks407-F4){ref-type="fig"}A and B) in IMR90 and WS fibroblasts (not expressing E6 and E7), though this effect was more pronounced in AG05229 WS cells, due to a higher 'baseline' level of BLM foci ([Figure 2](#gks407-F2){ref-type="fig"}D). UFB-positive anaphases and T-UFBs were also significantly increased in IMR90-E6E7 and AG05229-E6E7 WS cells after aphidicolin treatment ([Figure 4](#gks407-F4){ref-type="fig"}C and D). These data are supported by previous reports that exposure to aphidicolin enhances BLM expression and nuclear localization, in addition to inducing frequent replication defects and UFB formation ([@gks407-B26],[@gks407-B28],[@gks407-B33]). Figure 4.Replication challenge increases UFB formation. (**A**) IF-FISH images from IMR90-E6E7 and AG05229-E6E7 fibroblast cells. Arrows indicate colocalization events at BLM bridges observed in interphase cells. (**B**) Average number of BLM foci per cell. At least 100 cells were counted per condition from three independent experiments. (**C**) Percentage UFB-positive anaphases and (**D**) percentage of UFBs extending from telomeres (T-UFBs) in IMR90-E6E7 and AG05229-E6E7 cells treated with ethanol or aphidicolin. At least 30 anaphases were counted per condition from three independent experiments. (**E**) Percentage of UFBs and (**F**) UFBs that extend from telomeric foci (T-UFBs) on TRF1 suppression. At least 35 anaphases were counted per cell line from two independent experiments. Arrow bars show standard deviation, and *P-*values were calculated from a Student's *t*-test (\**P* \< 0.05 and *\*\*P* \< 0.005).

Induction of telomere replication defects by TRF1 knockdown increases UFB formation
-----------------------------------------------------------------------------------

Aphidicolin treatment induces a genome-wide replication challenge, but we wanted to generate a telomere-specific replication dysfunction and assess recruitment of the BLM processing complex to chromosome ends. It has been shown that TRF1 facilitates telomere replication and suppresses unresolved DNA structures ([@gks407-B17],[@gks407-B44]). By downregulating TRF1 expression in IMR90-E6E7 and particularly in AG05229-E6E7 cells, we intended to further obstruct telomere replication and then determine whether greater replicative challenge at telomeres correlated with the frequency of T-UFBs. siRNA-mediated reduction of TRF1 ([Supplementary Figure S5A](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1) and [S5B](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)) caused a remarkable increase of UFB-positive anaphases in IMR90-E6E7 and AG05229-E6E7 cell lines ([Figure 4](#gks407-F4){ref-type="fig"}E) and marginally increased T-UFBs in IMR90-E6E7 cells but actually reduced T-UFBs in WS cells ([Figure 4](#gks407-F4){ref-type="fig"}F).

We predicted that the decrease of T-UFBs was a consequence of spontaneous telomere loss induced by TRF1 and WRN deficiencies, which would render telomeric signals below detection limits. Examination of metaphase chromosomes from these cell lines confirmed that TRF1 knockdown in AG05229-E6E7 cells increased the frequency of telomere-free chromatids from 7.2% to 13% ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1)). These T-UFB data are difficult to interpret, as a subset of BLM-positive UFBs may extend from critically shortened telomeres below the FISH detection limit. Nonetheless, TRF1 knockdown in IMR90-E6E7 showed compelling evidence that inhibiting telomere replication correlates with BLM colocalization events and the incidence of T-UFB formation.

DISCUSSION
==========

The data presented in this study support a role for the BLM complex in telomere maintenance as a response to the difficult-to-replicate nature of chromosome ends. It has been well established that the telomeric sequence challenges the replication machinery, partially due to the G-rich nature of the telomeric leading strand ([@gks407-B6]), which is predicted to form stable energy-rich G structures, such as G quadruplexes ([@gks407-B45]). RecQ helicases are predicted to alleviate 'roadblocks' that persistently pose a challenge to replication fork progression through the telomeric strands.

Interestingly, a recently published report on telomere replication efficiency led to the proposal that telomeres in fact behave as fragile sites and are particularly susceptible to replicative stress ([@gks407-B17],[@gks407-B44]). TRF1 deletion, BLM deletion and partial inhibition of DNA polymerases by aphidicolin each caused an elevated frequency of fragile telomeres in MEFs, visible by FISH of metaphase spreads. Further evidence demonstrated an epistatic relationship between TRF1 and BLM in regulating the metaphase fragile telomere phenotype, suggesting that TRF1 is required to recruit BLM and suppress replication delays ([@gks407-B17]). Although these data add credence to the argument that telomeres behave as fragile sites, they are not transferable to the present analysis of T-UFB formation in untransformed primary fibroblasts. Our data show that TRF1-deficient IMR90 fibroblasts exhibit a markedly greater number of BLM-positive UFBs and elevated frequency of T-UFBs, which may potentially be the anaphase version of fragile telomere phenotypes ([Figure 4](#gks407-F4){ref-type="fig"}E and F). The observations that suppressing TRF1 affects UFB and T-UFB frequency may prompt further exploration that will provide valuable information about the fragile behavior of mammalian telomeres.

Inhibition of BLM leads to telomere dysfunction and cosuppression of WRN exacerbates the phenotype. Therefore, we predict distinct roles for BLM and WRN at telomeres, which are corroborated by previous research demonstrating that Terc-deficient mice lacking both BLM and WRN helicases experienced a greater disease pathology than loss of only one helicase. These RecQ-double mutants with Terc-deficiency exhibited greater genome-wide chromosomal abnormalities, which were worsened by telomere-dependent fusions ([@gks407-B39]).

On the basis of our analysis of UFB formation, we propose that in G2 BLM and its interacting proteins, TOPO IIIα-RMI1-RMI2 (BTR complex) ([@gks407-B23],[@gks407-B24],[@gks407-B46]) are recruited to any genomic regions with persistent replication intermediates or catenane structures, including telomeres that have experienced a delay in replication fork progression, which is a common defect of TTAGGG repeats. The presence of UFBs in anaphases of normal, healthy fibroblasts with intact genomes is evidenced that cells are equipped to deal with late-replicating sequence or catenane structures without activating cycle checkpoints and sacrificing efficiency.

Severe delays in replication completion lead to the generation of ultra-fine telomeric DNA bridges that persist into mitosis; these residual indicators of replication delay are more frequent in cells with inherent replication problems, such as impaired telomere replication in WS-E6E7 cells (∼28%). The relatively high number of UFBs extending from telomeric foci in IMR90-E6E7 cells (∼15%) indicates that telomeres regularly, if not frequently, encounter replication defects ([Figure 3](#gks407-F3){ref-type="fig"}E).

In summary, these findings predict that persistent intermediate structures in telomeric regions are resolved by BTR-mediated dissolution, which ensures proper chromosome segregation. To determine whether the mechanisms employed at chromosome ends are required for dissolution of late replication intermediates at fragile sites or for simple decatenation, it will be necessary to confirm whether FA protein colocalizes with telomeric foci located at BLM UFB ends.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks407/DC1) are available at NAR Online: Supplementary Table 1 and Supplementary Figures 1--5.
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[^1]: Values shown are the percentage of chromatids with TDs, which were counted by telomeric FISH of metaphase chromosomes. At least 1500 chromatids were counted for each cell line, and average values were obtained from three FISH-independent experiments. Where provided, the percentages of DAPI-positive anaphase bridges were determined by counting at least 75 anaphases from each cell line, from three independent experiments. For all cell lines, the *P-*values were calculated using a Student's *t*-test. \**P* \< 0.05; \*\**P* \< 0.005. ND, not determined.
